Three-dimensional whispering gallery modes in InGaAs nanoneedle lasers on silicon 1 but the integration of optical gain materials onto silicon remains difficult due to silicon's indirect bandgap, as well as its differences in lattice constants, thermal expansion coefficients, and polarity with direct-bandgap compound semiconductor materials. 2 Heterogeneous integration of lasers on silicon could be either monolithic in nature, [3] [4] [5] [6] or based on wafer bonding. 1, 7, 8 In bonding approaches, it is possible to manufacture the photonic and electronic chips independently, each with optimized materials choices and processing technologies, before they are bonded together. This could allow bonding approaches to achieve higher yields and a level of maturity sooner. 1 Monolithic integration, on the other hand, could possibly allow for closer integration of photonic and electronic functions, as well as for streamlined manufacturing with lower costs. 9 Here, we study the lasing modes in single, as-grown In 0.22 Ga 0.78 As nanoneedles epitaxially grown on (001)-silicon and polysilicon. 10 Lasers grown on these substrates could have technological relevance since poly-Si is routinely deposited on various low-cost substrates such as glass or silicon-on-insulator (SOI) wafers, while (100)-Si substrates are prevalent in complementary metal-oxide-semiconductor (CMOS) electronics. Furthermore, with a catalyst-free growth at a temperature of 400 C, nanoneedles could be compatible with back-end integration into standard CMOS technology. Compatibility of the nanoneedle growth with metal-oxidesemiconductor field-effect transistors (MOSFETs) has been previously demonstrated.
11 Fig. 1(a) shows a scanning electron microscope (SEM) image of needles grown near the cleaved edge of an (001)-silicon substrate from side-view.
The key benefit of self-assembled nanowires and nanowire-like structures such as nanoneedles is that their small sizes and non-planar geometry allow for efficient lattice strain relaxation, enabling the growth of high quality III-V materials on silicon. [12] [13] [14] [15] Lasing applications are of particular interest for semiconductor nanowires as such structures can provide both, optical gain and waveguiding. [16] [17] [18] By reducing the laser volume to the order of cubic of wavelength, power consumption could be significantly reduced in nanowire lasers. 19 However, III-V nanowires grown on silicon do not exhibit significant index contrast between wire and substrate. So, to realize nanowire lasers, the wires are often being removed from the growth substrate and laid horizontally on a substrate with low refractive index such as SiO 2 , so that both end-facets of the nanowires exhibit highly reflective semiconductor/air interfaces, which can then facilitate optical feedback. 20, 21 Alternatively, it has also been shown that on-chip external cavities can be fabricated around the nanowires. 6 If the semiconductor wire diameters are large enough, i.e., similar to the wavelength of the light, then single wire can support helical waveguide modes with high azimuthal modal numbers, which can then form three-dimensional (3D) whispering gallery modes (WGMs) inside the wires. 22, 23 3D-WGMs are commonly found in prolate shaped resonators. 24, 25 Even in as-grown, free-standing wires the quality factor of such cavity modes can be high enough to enable lasing; it was previously reported that InGaAs nanoneedles grown on silicon can exhibit single mode lasing at room temperature upon optical pumping. 26 Unlike twodimensional (2D) WGMs found in flat resonators such as micro disks, 27 3D-WGMs also exhibit net propagation along axial directions: as indicated in Fig. 1(b) , the modes can be thought of consisting of rays that propagate back and forth along the needle axis like for Fabry-Perot (FP) modes, while simultaneously revolving around the needle axis as for 2D-WGMs. To identify a cavity mode completely it is necessary to know the polarization as well as the modal numbers m, n, and k, which denote the azimuthal, radial, and axial order, respectively. (The axial order could also be called FP order.) In this paper, we will denote the mode numbers in hexadecimal representation to avoid confusion. The polarization could be either predominantly transverse-electric (TE), i.e., polarized perpendicular to needle axis, or predominantly transverse-magnetic (TM), i.e., polarized parallel to needle axis. (It should be noted that since 3D-WGMs are not purely TE-or TM-polarized it would be more accurate to denote the two possible polarization-states as EH and HE, 28 but to keep the notation consistent with published literature on WGMs in nanowires, 22, 23 we will denote the mode polarization as TE or TM.) As an example, Fig. 1(c) shows electric intensity profiles obtained from finite-difference-time-domain (FDTD) simulations of the TE 624 cavity mode within a nanoneedle. It can be seen that the mode is confined to the base of the needles. This is because at the needle top the diameter is too small to support the TE 62 waveguide mode.
A very common approach to identify optical modes in very small nano-and microstructures is to match their calculated or simulated resonance wavelengths of modes with experimentally obtained spectra. 22 Such methods are suitable in cases in which the modal spacing is large enough to avoid ambiguities. However, in the cases in which different cavity modes exhibit resonance wavelengths very close to each other, comparing experimentally observed resonance wavelengths with calculations/simulations is often not sufficient. It is also possible to utilize mode profiles to identify modes. To image the mode profiles of small resonators it is possible to use near-field scanning microscopy (NSOM), 29 or cathodoluminescence microscopy. 30 Conventional optical microscopy, on the other hand, is often not suitable to image optical modes in nano-or microresonators as the spatial resolution is too low. However, if the structures are lasing then the emitted radiation will be directional, and it can be possible to use optical microscopy to capture radiation patterns which are distinctive of particular modes.
In this report, radiation patterns of lasing as-grown nanoneedles were experimentally studied and combined with information obtained from FDTD simulations and polarization measurements the lasing modes could be identified. The nanoneedle growth was carried out in an Emcore D75 MetalOrganic-Chemical-Vapor-Deposition (MOCVD) reactor at a temperature of 400 C without the introduction of catalysts. 31, 32 The nanoneedles studied here consist of a bulk In 0.20 Ga 0.80 As core capped with a 120 nm thick layer of GaAs for surface passivation, and had diameters between 0.85 lm and 1.5 lm, depending on the growth time. The aspect ratio (height to base diameter) of the needles is about 6. The needles were grown on poly-Si and (001)-Si substrates. Since the needle growth direction follows the h111i crystal directions of the substrate, 31, 32 they grew in slanted directions with respect to the substrate surface. The slanted growth directions allow for studying the needles from side-view when looking at the substrate surface from the top. The tapered hexagonal shape can be seen from the SEM in Fig. 1(a) , and is also schematically shown in Fig. 1(b) . Transmission electron microscopy studies (TEM) revealed that the material crystal structure is wurtzite, whereby the crystal c-axis is oriented parallel to the long axis of the needle. 32 The core-shell growth mode of the needles enables extending the needle base diameter to micrometerdimensions while maintaining a single-crystal quality. TEM studies also showed that near the InGaAs/Silicon interface the pillars often exhibit stacking disorders. 32 But since the stacking faults terminate horizontally at the needle sidewalls they do not propagate to the main body of the needle, which remains free of misfit dislocations. 32 In our photoluminescence experiments, the needles were studied from side-view. The needles were optically pumped by a 765 nm femtosecond laser (120 fs pulse duration, 80 MHz repetition rate, 2.4 lm spot size on sample) at liquid helium temperatures near 4 K. The needle emission was collected by an objective with a numerical aperture of 0.7, and subsequently either imaged with a charge-coupled device (CCD) camera or analysed in a spectrometer. In Figs. 2(a)-2(i) experimental and simulated data obtained from an as-grown single needle laser with a base diameter of 1.2 lm and a length of 7 lm is shown. Fig. 2(a) exhibits the lightlight characteristic of the laser, showing that the lasing threshold is at about P th ¼ 1.6 mW pump power, as indicated by the kink in the curve. Fig. 2(b) shows the laser spectra for polarizations parallel and perpendicular to the needle. A polarization ratio (TE versus TM) of 16 dB, and a side mode suppression ratio (SMSR) of 17 dB could be seen. The fact that the needles' laser emission is TE-polarized might be surprising as TM-polarized WGMs usually exhibit higher Q-factors, 33 and we ascribe this finding to an anisotropic optical matrix element of the wurtzite material which is stronger perpendicular to the c-axis. 34 Indeed, as seen in Fig. 2 (b) the spontaneous emission from the needle is 3 times more polarized perpendicular to the needle. Fig. 2(d) shows the radiation pattern of the lasing mode at a pump power of 1.5P th . The orientation of the needle in that measurement can be inferred by comparing the coordinate system shown in Fig. 2(d) with the coordinate system shown in Fig. 1(b) . The radiation pattern reveals 4 lobes along a line perpendicular to the long axis of the needle. Since only one set of lobes is visible in the direction of the needle's long axis, it can be inferred that the axial order of the lasing mode is k ¼ 1. To identify the nature of the lasing mode, optical 3D-FDTD simulations have been performed in which several TEpolarized resonator modes with k ¼ 1 were found: TE A11 (850 nm), TE 911 (925 nm), TE 811 (1010 nm), and TE 621 (926 nm). (The numbers in parentheses denote the resonance wavelengths.) As an example, the simulated cavity spectrum of TE 62k modes is shown in Fig. 2(c) . Since the needle lases at 935 nm, the TE 911 and TE 631 modes are most consistent with the simulations. Figs. 2(e) and 2(f) and Figs. 2(g) and 2(h) show cross sections of the electric-field intensity of the TE 621 and TE 911 modes. It can be seen that a TE 911 mode should exhibit 2 lobes when looking at the needle from xdirection, whereas for the TE 631 mode, 4 lobes would be expected. Thus, it can be concluded that TE 631 is the likely lasing mode. Fig. 2(i) shows how the TE 621 mode is supposed to look like when looking at the needle from side-view (x-direction); the simulated pattern in Fig. 2(i) and the experimentally observed pattern in Fig. 2(d) match well. In addition, the quality factors for the TE 621 (TE 911 ) mode have been simulated to be 360 (240), which is another indication that the lasing mode is the TE 621 mode.
Modes with k > 1 have also been observed. Figs.  3(a)-3(g) show experimental data obtained from of a needle with a diameter of 860 nm and a length of 8 lm. The lightlight curve for this needle can be seen in Fig. 3(a) , showing that the lasing threshold is at about P th ¼ 1.8 mW pump power. From Fig. 3(b) , it can be seen the lasing emission is strongly TE polarized, with a polarization ratio larger than 11 dB. The SMSR at a pump power of 1.9P th is 15 dB. Figs. 3(c)-3(f) show radiation patterns at different pump power levels. It can be seen that the mode pattern becomes visible for pump powers higher than the lasing threshold of 1.8 mW. The polarization dependence of the pattern (see Fig. 3(g) ) provides further evidence that the radiation pattern stems from the lasing mode. The radiation pattern seen in Fig. 3 (f) exhibits 2 lobes in axial direction, which shows that k ¼ 2. The kink in the curve shows that the lasing threshold is at P th ¼ 1.6 mW pump power. (b) TE (?) and TM (jj) polarization of lasing spectrum at 1.8 mW pump power (1.1 P th ). (c) Simulated cavity spectrum of TE 62k modes in studied needle. (d) Observed radiation pattern for pump powers above the lasing threshold. The orientation of the needle in the image can be inferred by comparing the indicated coordinate system with the coordinate system shown in Fig. 1(b) . The inset shows the needle emission for a pump power of 0.5 P th . (e)-(h) Horizontal cross sections of simulated electric intensity profile of TE 621 mode (in (e) and (f)) and TE 911 mode (in (g) and (h)) shown in linear false color scale (for (e) and (g)), and logarithmic false color scale (for (f) and (h)). In (f) and (h), the collection cone of the objective used in this experiment is indicated by dotted lines. (i) Simulated radiation pattern of TE 621 mode as seen from side-view (x-direction).
FIG. 3. (a)
Light-Light characteristic of nanoneedle laser. The kink in the curve shows that the lasing threshold is at P th ¼ 1.8 mW pump power. (b) TE (?) and TM (jj) polarization of lasing spectrum at pump power of 1.7 P th . (c)-(f) Observed radiation patterns of needle under different pump power levels: (c) below threshold 0.9 P th , (d) threshold, and (e) 1.7 P th . It can be seen that the lasing mode becomes visible for pump powers of P th and higher. The coordinate system used in images (c)-(f) is labelled in (e), which is consistent with the coordinate system shown in Fig. 1(b) . (f) TM-polarized component of radiation pattern at pump power of 1.7 P th . The absence of the distinctive radiation pattern shows that the mode is strongly TE-polarized. (g)-(i) Horizontal cross section of simulated electric intensity profile of TE 712 mode shown in linear false color scale (for (g)), and logarithmic false color scale (for (h)). In (h), the collection cone of the objective used in this experiment is indicated by dotted lines. (i) Simulated radiation pattern of TE 712 mode as seen from side-view (-y-direction). This is in good agreement with Figs. 3(d) and 3(e) .
FDTD simulations were used to identify possible TE polarized modes with k ¼ 2: TE 812 (782 nm), TE 712 (872 nm), and TE 612 (966 nm). (The resonance wavelengths of the modes are denoted in parentheses.) Since the needle lases at a wavelength of 890 nm, the TE 712 mode is the likely lasing mode. FDTD simulations of the TE 712 mode (see Figs. 3(g)-3(i) ) confirm that the observed radiation pattern could stem from this mode. In the spectrum shown in Fig. 3(b) , a small second peak can be seen at a wavelength of 875 nm. This peak could be attributed to the TE 713 mode which, in FDTD simulations, exhibits a resonance wavelength that is 20 nm to the blue side of the TE 712 mode.
In summary, by studying slanted nanoneedles near field patterns of the lasing modes could be measured from sideview. The lasing modes, including all 3 quantum numbers, could be identified with optical microscopy by comparisons of radiation patterns, polarization data, and FDTD simulation results.
